Objective: To correlate losses of retinal thickness in the perifoveal area in glaucoma as measured by the Retinal Thickness Analyzer (Talia Technology Ltd, Israel) with optic nerve and visual field changes in glaucoma patients and suspects.
Optic nerve head examination has been the mainstay of glaucoma diagnosis. Unfortunately, due to the variability of the size of the scleral canal and the total number of nerve fibers, [1] [2] [3] [4] techniques of glaucoma evaluation that rely on objective evaluation of the optic disc are at an inherent disadvantage in differentiating between glaucomatous and normal eyes. [5] [6] [7] [8] The Heidelberg Retina Tomograph (HRT), the Nerve Fiber Layer Analyzer (GDx), and optical coherence tomography have demonstrated limited clinical usefulness in early glaucoma diagnosis due to the large overlap between normal and glaucomatous values. [5] [6] [7] [8] These instruments, however, are useful in following up glaucoma patients over time due to their high reproducibility and ability to diagnose moderate glaucoma.
The optic nerve changes in glaucoma are secondary to nerve fiber loss, which is a result of ganglion cell loss. Histologic studies have demonstrated that a significant proportion of the ganglion cells are lost before abnormalities are observed in the visual field. 9 In the parafoveal region, the ganglion cell bodies are displaced from the central fovea and are stacked up to 6 layers thick, constituting up to 40% of the retinal thickness. 10, 11 Curcio and Allen 10 have shown, in their landmark histologic study, a relative lack of variability in the paramacular ganglion cell population (50% of all the ganglion cells) among normals. (144 ± 46/mm) However, there is an extremely high variability in the total number of ganglion cells in the entire retina in the normal eye (accounting for the variability of the total number of nerve fibers at the optic nerve head: 500,000 to 1,200,000). [5] [6] [7] [8] Thus, looking at the paramacular region could help to diagnose early glaucoma. The Retinal Thickness Analyzer (RTA; Talia Technology Ltd, Israel) is an instrument capable of measuring the retinal thickness at the posterior pole (intervisit reproducibility ± 13 microns). 12 Areas of the posterior pole can be scanned in 200 milliseconds generating multiple optical cross sections of the retina. Data from these optical cross sections are processed to yield a 3-dimensional map of the retinal thickness. These maps have been used to assess macular edema, and the cross sections have been clinically helpful in enhancing the visualization and diagnosis of chorioretinal pathologies. 13, 14 The RTA has also been used to detect retinal damage caused by atrophy of the ganglion cell and nerve fiber layers in glaucoma. 15 The aim of this pilot study was to compare optic nerve head appearance in stereo disc photographs and Humphrey 24-2 visual field tests (Humphrey Instruments, San Leandro, CA) with the RTA-detected alteration in macular retinal thickness in glaucoma patients and suspects.
MATERIALS AND METHODS
The principle of retinal thickness analysis is based, as previously described, 12 on projecting a thin laser slit obliquely on the retina and viewing it at an angle in a manner similar to slit-lamp biomicroscopy. The separation between the reflections (and scatter) from the vitreoretinal and chorioretinal interfaces is a measure of the retinal thickness. The laser beam is scanned across a 2 × 2-mm area of the fundus and 10 optical cross sections are obtained in 200 milliseconds. Because the acquisition time is shorter than the latent period of a microsaccade, artifact is minimized. Nine locations are scanned similarly in a 6 × 6-mm area at the posterior pole centered on the fovea in a total time of approximately 1 minute per eye. The composite covers the central 20°of the fundus. The appropriate fixation can be verified by examining a fundus image that is acquired simultaneously with the scan as well as by the registration function of the instrument, which registers the retinal thickness maps with the blood vessels in the fundus image.
The actual examination involves dilation of the pupil followed by obtaining the cross-sectional images of the retina by asking the patient to look into the instrument at different internal fixation targets. The instrument used for this study was the commercial version of the RTA, the RRTA.
Subjects
The study was reviewed and approved by the Duke University Institutional Review Board. Consecutive patients from the Glaucoma Service with an established diagnosis of primary open-angle glaucoma or glaucoma suspect were enrolled after informed consent was obtained. Patients with diabetes, macular degeneration or other maculopathies, cataracts, pseudophakia, or pupils that failed to dilate greater than 5 mm were excluded. No additional selection was made and the subjects represent the first 55 patients recruited. Only the right eye of each patient was used for the study. In addition to RTA, all patients underwent a complete ophthalmologic examination, automated perimetry using a 24-2 SITA standard testing strategy on the Humphrey perimeter (Humphrey Instruments) and stereo optic disc photography (Nidek Technologies, Fremont, CA). Patients were excluded if, on automated perimetry, the false-positive reliability parameter was greater than 15% and the false-negative parameter was greater than 20%; fixation losses had to be 30% or less.
One glaucoma specialist (SA), who was masked to the patients' clinical and testing status as well as their identity, graded all stereo disc photographs, visual fields, and RTA maps. Additionally, each parameter was graded independently and in random order. A numerical score was given for the severity of each parameter, and fractions were used for intermediate grades.
The severity of cupping of the optic nerves was graded based on a previously used method. 16 A standard template of various degrees of optic nerve head cupping was provided to the reviewer (0 ‫ס‬ cupping <0.6, 1 ‫ס‬ cupping ≈0.6-0.8, 2 ‫ס‬ cupping with superior or inferior sloping of the neuroretinal rim, 3 ‫ס‬ cupping with superior and inferior sloping of neuroretinal rim, 4 ‫ס‬ cupping >0.8 but with an intact thin rim, 5 ‫ס‬ cupping with 1 notch, ‫ס6‬ cupping with 2 notches, 7 ‫ס‬ severe cupping with loss of >2/3 temporal rim). Combinations of this grading (e.g., 2 and 5 ‫ס‬ 5.5, 3 and 5 ‫ס‬ 5.75) were assigned numeric scores ranging from 0 to 7. Grades were combined so as to include the highest grade reached with fractions added in 0.25 increments if lower grades were present.
The visual fields were graded for a severity of visual field loss 17 in the following manner, with 0 being associated with a normal white-on-white Humphrey visual field: 1 ‫ס‬ early nasal step or early arcuate scotoma, 2 ‫ס‬ early nasal step and early arcuate scotoma, 3 ‫ס‬ any combination of 1 and 2, 4 ‫ס‬ definite large nasal step or definite large arcuate scotoma (single hemisphere), 5 ‫ס‬ definite large nasal steps or definite arcuate scotoma (both hemispheres), 6 ‫ס‬ hemispheric loss (superior or inferior), 7 ‫ס‬ global loss (superior and inferior hemispheres).
The RTA results were depicted in the form of a 3-dimensional map that was compared visually with a typical normal retinal thickness map. The RTA maps were graded for the severity of thickness losses. Retinal thickness has been shown to be relatively constant in normal eyes at the posterior pole between the refractive errors of ±5 D (Fig. 1) . 18 Any thinning pattern differing from the normal by 2 standard deviations (−60 m) was considered abnormal (deep blue on the color scale). 19 A standard template of increasing severity of retinal thickness losses was created and provided to the reviewer (Fig. 2) . A numeric score was assigned for each template as follows: 1 ‫ס‬ thickness loss limited to 1 temporal quadrant, 2 ‫ס‬ thickness loss in temporal quadrants in both hemispheres, 3 ‫ס‬ thickness loss in a groovelike 
FIG. 2.
Template for grading various levels of retinal thickness loss (limited to 1 temporal quadrant, temporal quadrants in both hemispheres, a groovelike pattern in 1 or both hemispheres, severe thickness loss in 1 entire hemisphere or both hemispheres). pattern in 1 hemisphere, 4 ‫ס‬ Thickness loss in a groovelike pattern in both hemispheres, 5 ‫ס‬ severe thickness loss in 1 entire hemisphere, 6 ‫ס‬ severe thickness loss in both hemispheres. Combinations of these scores were used when more than one condition was present and intermediate numbers assigned (similar to the optic nerve head grading technique).
Spearman rank correlations were used to assess the relationships among the 3 numerical measures. Linear regression was used to determine the ability of the RTA to predict glaucoma severity, as measured with optic nerve cupping and visual field changes.
RESULTS
Of the 55 patients enrolled in the study, 10 were excluded due to the lack of visual field, disc photograph, or retinal thickness data within a 6-month time interval. The mean age of the patients was 54 (±10) years. Thirty-eight patients were white and 17 were African American; 34 were men and 21 were women. On visual field testing, the average mean deviation of the group was −2.91 dB and the average pattern standard deviation was 3.89 dB.
Correlation among Retinal Thickness, Optic Nerve Head Cupping, and Visual Field Changes
Descriptive statistics for the 3 numerical measures of glaucoma are provided in Table 1 . The scatterplot of RTA severity of loss and the severity of the optic nerve head cupping are shown in Figure 3 along with the fitted regression line. These 2 measures were more strongly correlated (r ‫ס‬ 0.75) compared with other measures; the corresponding regression coefficient was also highly significant (P<0.001). The scatterplot of RTA severity of loss and the severity of visual field loss are shown in Figure 4 , along with the fitted regression line. These 2 measures were less strongly correlated (r ‫ס‬ 0.58), though the corresponding regression coefficient was statistically significant (P<0.001). Severity of optic nerve cupping and severity of visual field loss were also less strongly correlated (r ‫ס‬ 0.54).
Selected Patient Reports
Five patients were selected to illustrate the study findings.
Example #1
A 46-year-old African-American man (JA) with a history of normal-tension glaucoma showed a dense superior arcuate scotoma on visual field testing. The optic   FIG. 3 . The scatterplot of RTA severity of loss and the severity of the optic nerve head cupping along with the fitted regression line. These 2 measures were highly correlated (r = 0.75), and the corresponding regression coefficient was highly significant (P<0.001). The number of points on the scatterplot appears to be fewer than the actual number because of overlapping points.
FIG. 4.
The scatterplot of RTA severity of loss and the severity of visual field loss along with the fitted regression line. These two measures were only moderately correlated (r = 0.58), though the corresponding regression coefficient was statistically significant (P<0.001). The number of points on the scatterplot appears to be fewer than the actual number because of overlapping points. nerve showed a corresponding inferior notch in a vertically elongated cup. The RTA map revealed severe loss of tissue in the lower half, including complete loss of the inferior typical perifoveal thickness (ganglion cell rim) (Fig. 5, white arrows) . This loss of tissue on the RTA corresponded to the superior arcuate scotoma and the inferior notch on the optic nerve.
Example #2
A 39-year-old white man (DC) presented with a history of pigmentary glaucoma. A small superior nasal step was noted in his right visual field. The optic nerve demonstrated an inferior notch with extensive cupping. The RTA map demonstrated a severe generalized thinning both superiorly (Fig. 6, black arrows) as well as a welllocalized "trench" inferotemporally (white arrows). The inferotemporal "trench" corresponded to the small superior nasal step noted on the visual field. Note the difference in severity of RTA loss versus visual field changes (Fig. 6) . The left eye visual field showed a dense inferior arcuate scotoma as well as a small superior nasal step.
The left optic nerve showed extensive cupping. The RTA map of the left eye again demonstrated severe superior thinning (black arrows) as well as moderate thinning inferiorly when compared with a normal eye (Fig. 7) .
Example #3
Primary open-angle glaucoma was diagnosed in a 48-year-old white woman 4 years previously. The visual field showed an inferior paracentral scotoma and an inferior nasal step. The optic nerve showed notching superiorly and a disc hemorrhage inferiorly (Fig. 8, black  arrow) . Note the thinning in the shape of a groove extending toward the optic nerve on the upper half of the RTA map (Fig. 8, superior black arrows) and the partial loss of the superior typical perifoveal thickness (white arrow). The superior groove on the RTA map corresponded to the inferior nasal step on visual field testing. The partial loss of the superior typical perifoveal thickness on the RTA map corresponded to the inferior paracentral scotoma noted on the visual field. Additionally, note the groovelike thinning inferiorly (black arrows inferiorly) also extending towards the optic nerve, corresponding to the area of the inferior disc hemorrhage, although no visual field defect is seen in the upper half of the visual field.
Example #4
A 31-year-old Asian physician with a −2-D myope presented for routine screening with a family history of primary open-angle glaucoma. The intraocular pressures remained in the normal range in both eyes with repeated measurements. The left eye visual field showed a superior arcuate scotoma. The optic nerve of the left eye showed a cup with a thin inferotemporal rim. Examination of the nerve fiber layer demonstrated an area of inferior loss of fibers (Fig. 9 ,black arrows on optic nerve photograph). The RTA map showed a corresponding inferior loss of retinal thickness (black arrows) as well thinning of the typical perifoveal ridge of retinal thickness (white arrow).
Example #5
A 59-year-old white man with pigment dispersion glaucoma and intraocular pressures in the high teens showed a localized, dense inferior paracentral scotoma on visual field testing. The severity of cupping of the optic nerve was difficult to evaluate. A notch was seen superiorly at the 11-o'clock position (Fig. 10 , arrow on optic nerve photo). The RTA map demonstrated severe thinning superiorly (superior black arrows) corresponding to the inferior paracentral scotoma. Also noted was inferior thinning (inferior black arrows), which was not associated with any visual field changes.
DISCUSSION
The optic nerve has been the main objective parameter for the diagnosis of glaucoma. Consequently, efforts have concentrated on examining attributes of the optic nerve in a more precise manner (e.g., glaucomascope, Rodenstock optic nerve head analyzer). Other efforts to diagnose glaucoma have concentrated on the   FIG. 8 . Example #3. The visual field of the right eye shows changes limited to the inferior hemisphere. The optic nerve head shows notching superiorly and a disc hemorrhage inferiorly (black arrow). Note the superior thinning extending toward the optic nerve (superior black arrows) and the loss of thickness of the superior portion of the perifoveal thickness (white arrow) on the RTA map. The superior thinning corresponds to the inferior nasal step, and the loss of thickness of the superior portion of the perifoveal thickness corresponds to the paracentral scotoma. Additionally, note the thinning inferiorly (black arrows inferiorly) also extending towards the optic nerve, although no visual field defect is noted. examination of the peripapillary region, the area where the nerve fiber layer is readily identifiable. 20, 21 Techniques to evaluate the loss of ganglion cells have thus far included electrophysiological testing (e.g., pattern ERG, VEP 22, 23 ) and photography of the nerve fiber layer. 24 The overall retinal thickness in the perifoveal region can be used as a surrogate measure of the thickness of the ganglion cell layer and the nerve fiber layer. Any decrease in the overall retinal thickness is an indicator of a loss of these 2 layers, as minimal change has been recorded in other retinal layers in glaucoma.
Garway-Heath et al. 25 demonstrated that a 3-dB sensitivity loss at a single location in the perifoveal area on Humphrey visual field testing is associated with the loss of approximately 230 ganglion cells (70%) compared with the loss of 10 ganglion cells (44%) in the peripheral posterior pole. Due to the redundancy in the visual pathways in the retina, changes due to structural loss at the central posterior pole are extremely difficult to detect by visual field testing.
Thickness loss measured with the RTA was more strongly correlated with the severity of optic nerve head cupping than with visual field changes. This correlation indicates that the RTA depicts the changes occurring at the posterior pole reflected by the optic nerve changes in glaucoma. In this pilot study, the majority of eyes were classified as glaucoma suspects as evidenced by the median score of 2 on a scale of 0 to 7.5 for the optic nerve and a median score of 0 on visual field testing. Studies are underway to evaluate patients with definite visual field defects. However, the severity of optic nerve head cupping and the RTA-measured loss correlated less strongly with the severity of visual field loss. This finding was not unexpected since it has been amply demonstrated that structural changes precede psychophysical changes. 26 It is possible that this lack of visual field correlation was due to the fact that we lacked a confirmatory visual field in many study patients. (40%) However, the correlation reported by us is in keeping with or higher than those reported between structural and functional parameters. 16, 20, 27, 28 A limitation of the present RTA technology is that a numerical index of severity to rate retinal thickness changes is not yet available. Therefore, visual comparison of the retinal thickness map of each patient with a normal map is required. Visual comparison requires identification of the density of >2 standard deviations of loss in an arcuate pattern, which is typical of glaucoma as depicted in these selected case reports. Additional studies are needed to identify a numerical parameter. We have noted no major differences between the published typical normal retinal thickness map 18 and the map in a group of 40 normal volunteers ranging in age from 25 to 65 years within ±5 D ametropia (unpublished data). Another limitation of the technology is that RTA measurement is limited to eyes with relatively clear media and requires at least 5 mm of pupillary dilatation. Pseudophakic eyes also present a challenge, especially if the posterior capsule has peripheral opacification. Diabetic patients and high myopes are not eligible for this method of diagnosis secondary to thickening and thinning, respectively. Drusen and other macular changes of age-related macular degeneration scatter reflected light and thus present difficulty in assessing thickness losses in such eyes.
Screening for early glaucoma is problematic since intraocular pressure is a poor predictor, judging the optic nerve involvement is difficult, and visual field changes occur later in the disease process. The RTA can serve as an adjunct to the evaluation of the optic nerve in diagnosis of glaucoma as it lends another structural parameter. Larger databases are needed to confirm our findings. Follow-up studies will show if the RTA can be used for the early detection of glaucoma as well as for glaucoma monitoring.
